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Abstract— The drying of slices of meat, like almost all agri-
food products, causes enormous variations in their physico-
chemical and structural properties. In order to facilitate
studies on the mechanism of drying, several authors in the
literature attempt to neglect the shrinkage of the product, but
the best results of studies on the mechanism of drying are
obtained taking into account the shrinkage. In this article,
the objective of our work is to make a characterization study
of the sun drying of meat slices in the form of kilishi taking
into account surface shrinkage. The methodological
approach consists in evaluating during sun drying, the loss
of mass and the shrinkage of the surface of the slices of
meat using respectively an electronic scale and a double
graduated - decimeter. - This process- is repeated under
different experimental tests. Using the experimental data
obtained, we-determined-on-the-one hand, the curves of the
surface shrinkage of the meat slices, the curves of the drying
kinetics and the curves of the corrected drying kinetics. On
the other hand, we determined the linear model of the
surface shrinkage curve of the product, the polynomial
model of the degree 4 drying characteristic curve and
validated these models with a control experimental test. The
relative errors between the two results are determined by the
statistical parameters R2, MSE and RMSE. Examination of
the values of these parameters obtained shows R2 is close to
1, MSE and RMSE are low values close to 0. This allowed
us to conclude that the models are satisfactory.
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I. INTRODUCTION

Drying food products is a very complex process that
involves simultaneous transfers of mass and heat
accompanied by variations in properties physico-chemical
and structural of the product [1]. This then undergoes
enormous modifications geometric patterns that should be
taken into account in modeling drying and in establishing
experimental drying curves Many authors have presented
models for explaining the drying mechanism and the volume
shrinkage of the product. We have as examples Lozano,
Rostein & Urbicain [2] propose that the pores naturally open
towards the outside are closed at low water contents. Suzuki,
Kubota, Hasegawa & Hosaka [3] consider the material as a
succession of cells in which is enclosed the liquid which
diffuses towards the dry periphery. These studies which we
have just cited propose a so-called fundamental shrinkage
modeling method. It is based on a physical interpretation of
the mechanism of the volume shrinkage of the product. It
makes it possible to predict the geometric modifications of

the product from the laws of conservation of volume and
material. The method we used in this study is called
empirical. It consists of adjust the experimental data using
empirical models expressing the shrinkage as depending on
the water content of the product. This is the case with the
models used by Javier, Gabas & Paulo [4] for the mango;
Al-Muhtaseb, MC Minn & Magee [5] for the potato;
Hatamipour & Mowla [6] for the carrot; Ratti [7] for the
potato. In addition in this work, the drying kinetics were
determined and corrected taking into account the surface
shrinkage of the meat slices. The linear model of the surface
shrinkage curve of the product and the polynomial model of
the degree 4 drying characteristic curve are validated by a
control experimental test.

Il. MATERIALS AND METHODS

A. Experimentation

1) Preparation of the Product
The fresh meat used in this study is cut into thin strips by a
specialist in kilishi production. Before cutting the meat into
slices; we apply the trimming which consists in ridding the
meat of all the impurities (tendons, aponeuroses and fatty
matter) which surround it. The meat obtained after the
trimming operation is cut into large pieces and then into thin
strips of slices a few millimeters thick.

2) Equipment used

The main equipment used for the drying operation are:

— Adrying table and mat made from millet stalks, which
are used to spread the product during the drying
process;

— An electronic balance (PRECISA-205 A), precision 10-
3 g, which is used for weighing the product;

— A double graduated decimeter used to estimate the
length and width of the product during the drying
process;

— A laboratory oven (PROLABO), which is used to
determine the dry mass of the product.

a b
Fig. 1: Main equipment used (a: double graduated
decimeter, b: electronic balance and c: laboratory oven)
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3) Measurement protocol

The thin strips of meat obtained are cut into rectangular
slices of respective length and width of 15.19 cm and 7.50
cm. They are weighed before being spread out on a mat for
the drying operation. They are continuously weighed and
measured in length and width every 30 minutes until the end
of drying. The dried meat slices are placed in an oven at 105
° C. for 24 hours. The experimentally determined values of
the water content on a dry basis are calculated by the
following relation [8]:

X = m(t) — Ing

m (1
With m@, , mg and X respectively the mass in function
time, the mass of the dry product and the water content in
function of time

The average area of the meat slice sample at each
point of drying is evaluated by the product of length and
width assuming that the shrinkage is uniform.

S=Lxl (2)
With L, I and S respectively length, width and surface of
the product.
The shrinkage curve is given by [1,9]:
S X
S, f(x0> ®

With S, and X, respectively the surface and the
initial water content of the product.

The drying tests aimed at apprehending the surface
shrinkage and the drying kinetics of the meat slices were
carried out on six samples of relatively equal surface. These
tests were repeated three (3) times during respective
independent days: 06/16/2020, 06/25/2020 and 07/072020.
The choice of these days is made at random on the best
drying conditions (sunny day and low relative humidity).

B. Theoretical Models

1) Theoretical Model of the Product Surface Shrinkage
Curve
This model results from the hypothesis of the additivity of
the volumes of water and solids in assuming that the air
volumes in the pores are negligible and the cell tissues are
incompressible [1]. This hypothesis has already been used
by many authors: Kilpatrick, Lowe, & Van Ardsel (1955)
[10], Desmorieux (1992) [11], Iglesias Garcia, Roques, &
Bueno (1993) [12], Leonardo & Dermeval (2004) [13] etc.
At a given moment of drying, if V denotes the total
volume of the product, V4., and Vw respectively the
volumes of dry matter and water within the product,
V=Vw+ Vypy (4)
By expressing V as a function of the water content
X of the product, we obtain [1]:
V = Vay (1 + &x> (5)
Piw
With respectively p;s and p;. the intrinsic density
of the solid phase and that of the water of the product.
If V, is the initial total volume of the sample, it can be
expressed by:
Vo = Vary (1 + ﬁxo) 6)
Piw

The volume shrinkage rate S,, is then expressed by:

S — \% _ 1+ uX 7
YTV, 14uX, )
With u is the coefficient of linear shrinkage given by:
Pis
u=-— ®
Piw

Assuming the shrinkage is isotropic and we neglect the
variation in thickness. The surface shrinkage rate is given

by:

S = S 1+uX 9
S8, 14uX, S
By transforming equation (9), we get:

S, == = 1+uX0() 10

S8, 14uX, 14uX,\X, (10)
This relation assumes that the shrinkage varies linearly with
the water content under the shape:

X
SS=a+b<X—0)

(11)
With

_uXp
1+ uX,

= t 12
T, © (12)

2) Theoretical Drying Characteristic Curve Model

To describe the drying Kinetics of slices of meat, we have
used the principle of the characteristic drying curve. The
principle of the method is developed by VAN MEEL [14].
The determination of the drying characteristic curve
corresponds to the expression of the variation of a reduced
drying speed as a function of a reduced water content [15].
Thus, we are therefore looking for an expression of the type
[16]:

S
dat  _
(_ d_X) = f(Xr) (13)
dt/g
With,
The drying speed at time t:
dX
% (14

The speed of the first drying phase taken equal to
the drying speed value at point Xr = 1:

( dX) 15
at), (15)
Xr is the reduced water content defined by [17]:
X—Xeq X
Xr=c—g—=
XO - Xeq XO (16)
Xo = Xer

The coefficients of a polynomial function of degree
4 fitted to the experimental points are determined according
to the following relation:

n
1
Ci = Ez CU

J
With n representing the number of tests performed,
j the test number and C_i the coefficients of the functions f
(Xr).

0<C<4 (17)
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I1l. RESULTS AND DISCUSSION

A. Experimental Results

The figures (Fig. 2, Fig. 3, and Fig. 3) show, respectively,
for each experimental test the six samples of relatively equal
surface, at the start and at the end of drying.

a B b
Fig. 2: Samples from the 16-06-2020 test (a: samples at the
start, b: samples at the end)
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Fig. 3: Samples from the 25-06-2020 test (a: samples at the
start, b: samples at the end)
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Fig. 4: Samples from the 07-07-2020 test (a: samples at the
start, b: samples at the end)
1) Experimental product surface shrinkage curves
The figures below respectively show the curves of the
surface shrinkage of the six samples respectively for each
experimental test.
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Fig. 5: Curve of the surface shrinkage of the samples from a,
b and c test

There is a linear trend for each of the surface
shrinkage curves. The surface shrinkage curve that we
obtained experimentally can be modeled by a linear model.
2) Experimental Curves of the Water Content of the
Product
The figures below respectively show the curves of the water
content of the six samples for each experimental test.
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07 07 3020

c
Fig. 6: Water content as a function of the time from a, b and
C test

For each of the water content curves, a stability of
the product is observed after six (6) hours of drying for all
the samples of the various tests. The value of the water
content hardly changes after this drying time.

3) Experimental Curves of Drying Kinetics
The figures below respectively show the evolution of the

drying kinetics as a function of the reduced water content.
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Fig. 7: Drying kinetics of drying samples from a, b and ¢
test

Examination of the shape of these drying curves
does not allow better visibility of the constant speed drying
phase. This can be corrected by taking into account the
shrinkage of the product when establishing the experimental
drying curves.

4) Experimental Curves of the Corrected Drying Kinetics
The figures below respectively show the evolution of the
drying kinetics corrected according to the reduced water
content; taking into account the surface shrinkage of the
product
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Fig. 8: Corrected drying drying Kkinetics of the samples from
a, b and c test

Examination of the shape of these curves shows the
different drying phases. Taking into account the surface
shrinkage in establishing these curves allows us to clearly
show the drying phase at constant speed as well as the point
of the critical water content of the product.
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B. Results of Experimental Data Modeling

1) Linear Model Curve of the Surface Shrinkage of the
Product

The figure (Fig. 9) shows the curves of the surface shrinkage
of the 12 samples of the slices of meat from the first two
tests carried out, as well as the linear model of the surface
shrinkage curve obtained with the mean values of the
coefficients.

—
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3

Fig. 9: Linear model of the surface shrinkage curve obtained
with the 12 samples of the meat slices

We note here a weak dispersion of the

experimental points around the mean curve which

characterizes the linear model. The model constants
determined experimentally are presented in Table 1 below.
Parameter a b

Value 0.611 | 0.357

Table 1: Parameter of the model determined experimentally

X
S, = 0.611 + 0.357 (X—) (18)

0
R? =0.891
2) Characteristic Drying Curve
The figure (Fig. 10) shows the reduced drying speeds of the
12 samples of the slices of meat from the first two tests
carried out, as well as the characteristic drying curve
obtained with the mean values of the coefficients.
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Fig. 10: Characteristic drying curve obtained with the 12
samples of the slices of meat
Table 1 below shows the values of the coefficients adopted
for the adjustment polynomial of the characteristic curve.
Coefficient | C1 Cc2 C3 Cc4 C5
Value -1.875 | 4.932 | -5.014 | 2.700 | 0.019
Table 1: Average coefficients of the adjustment polynomial
of the characteristic drying curves

f(Xr) = —1.875Xr* + 4.932Xr3 — 5.014Xr? + 2.700Xr
+0.019 (19)
R? = 0.994

C. Model Validation

The models obtained previously by modeling the
experimental data on the first two tests (composed of 12
samples) are compared to the last test (composed of six
samples), considered as a control. The relative errors
between the two results are given by the statistical
parameters calculated from the following formulas:
R-Square
-3 (Yexp; — Ymod,)®
RZ=1-1 (20)
230, (Yexp; — Yexp,)?

Mean Square Error
n

1
MSE = HZ(Yexpi — Ymod;)? 21D
i=1
Root Mean Square Error
1 n
RMSE = HZ(Yexpi — Ymod;)? (22)

i=1

Yexp;: experimental value of Y

Yexp,: mean experimental value of Y

Ymod;: Model predictions value of Y

1) Validation of the Surface Shrinkage Curve Model

The figure (Fig. 11) shows the model of the surface
shrinkage curve compared with the six samples of the
control test

Fig. 11: Validation of the surface shrinkage curve model on
the six samples of the last test

It can be seen that the data from the last test are not
used for the determination of the surface shrinkage curve,
dispersion of the experimental points around the linear
model of the surface shrinkage curve. The table below
shows the values of the statistical parameters of the relative
errors between the two results.

Samples 1 R2 MSE | RMSE
Samples 2 | 0.8893 | 0.0029 | 0.0536
Samples 3 | 0.9231 | 0.0022 | 0.0465
Samples 4 | 0.8459 | 0.0054 | 0.0735
Samples 5 | 0.8983 | 0.0030 | 0.0547
Samples 6 | 0.9143 | 0.0030 | 0.0546

Table 3: Statistical parameters
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Examination of these values shows R2 close to 1
and MSE and RMSE are low values close to 0. We can
conclude that the model is satisfactory
2) Validation of the Drying Characteristic Curve Model
The figure (Fig. 12) shows the model of the drying
characteristic curve compared with the six samples of the
control test

Fig. 12: Validation of the drying characteristic curve model
on the six samples of the last test

It can be seen that the data from the last test are not
used for the determination of the characteristic curve, a
singularity of the experimental points with the characteristic
curve model. The table below shows the values of the
statistical parameters of the relative errors between the two
results.

Samples 1 R2 MSE | RMSE
Samples 2 | 0.9641 | 0.0017 | 0.0414
Samples 3 | 0.9705 | 0.0017 | 0.0411
Samples 4 | 0.9588 | 0.0022 | 0.0473
Samples 5 | 0.9708 | 0.0015 | 0.0386
Samples 6 | 0.9639 | 0.0019 | 0.0439

Table 4: Statistical parameters
Examination of these values shows R2 close to 1
and MSE and RMSE are low values close to 0. We can
conclude that the model is satisfactory

IV. CONCLUSION

In this work, the surface shrinkage curve and the drying
kinetics were studied, modeled and validated with a control
experimental test. Taking into account the surface shrinkage
of the product, the drying kinetics curve has also been
corrected in order to obtain different drying phases. The
polynomial model of the drying characteristic curve and the
linear model of the surface shrinkage curve of the product
presented satisfactory results with the values obtained of R2
close to 1 and MSE and RMSE values close to 0.
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